Introduction:
Tau is a microtubule-associated protein that is abundant in the central nervous system (CNS) and expressed mainly in axons. In the human brain, tau is encoded by a single gene of 16 exons, generating 6 isoforms of 352 to 441 amino acids. Exons 9 to 12 encode the microtubule (MT) binding repeats, and alternate splicing of exon 10 generates tau with either three (3R) or four (4R) repeats. These repeat regions bind to MTs, and promote MT stabilization and polymerization. These functions are negatively regulated by phosphorylation at multiple sites in, and around, the MT binding domain (Buee et al., 2000; .
In Alzheimer's disease (AD) and other tauopathies, hyperphosphorylated tau protein aggregates and forms paired helical filaments (PHF) that are the main component of intraneuronal neurofibrillary tangles (NFT) primarily found in the somato-dendritic compartment of affected neurons. The appearance of aggregated tau correlates with a loss of MTs and a breakdown of axonal flow (Terry, 1996; Pollak et al., 2003) . Thus, the hyperphosphorylation of tau by the deregulation of kinases and/or phosphatases has been proposed to dissociate tau from MTs, thereby destabilizing the MTs and disrupting MTdependent axonal transport (Trojanowski and Lee, 1994; Mandelkow et al., 2003; Feinstein and Wilson, 2005; Mi and Johnson, 2006) . In vitro studies have demonstrated that hyperphosphorylation of tau can indeed induce MT disruption (Ebneth et al., 1999) , as well as tau aggregation (Alonso et al., 2001; Sato et al., 2002) . However, there is a lack of evidence from in vivo studies to support the assumption that tau hyperphosphorylation detaches tau from microtubules and results in MT breakdown.
To examine MT and tau dynamics in response to phosphorylation, we induced tau hyperphosphorylation in mice by exposing the animals to anesthesia. We have shown previously that anesthesia-induced hypothermia promotes extensive tau hyperphosphorylation at multiple epitopes by directly inhibiting ser/thr protein phosphatase 2A (Planel et al., 2007b) . This model system replicates what is seen in the AD brain as decreased PP2A expression (Vogelsberg-Ragaglia et al., 2001; Sontag et al., 2004) , and upregulation of its inhibitors (Tanimukai et al., 2005) , result in overall inhibition of its activity (Gong et al., 1993; Gong et al., 1995) . PP2A inhibition has been proposed to be an important factor in the evolution of the pathology of AD (Tian and Wang, 2002) .
Our results show that hyperphosphorylation impaired tau's ability to bind and polymerize MTs, but did not detach it from MTs in normal mice. Hyperphosphorylation of tau in transgenic mice expressing all six isoforms of human tau (hTau mice) led to specific dissociation of 3R from the MTs in old mice. Neither normal nor hTau mice however, displayed a breakdown of MTs. These results demonstrate that 4R tau is tightly bound to MTs and does not readily dissociate, whereas 3R is more sensitive to the effects of phosphorylation, thus resulting in dissociation from the MTs. However, this dissociation does not lead to catastrophic collapse of the MT network.
Materials and Methods
Animals. Adult C57BL/6J (Jackson Laboratory, Bar Harbour, ME) or hTau mice (Andorfer et al., 2003) of either sex were used at 3-4 month-old (young mice) or 18-20 month-old (old mice). Animals were used according to National Institute of Health / Institutional Animal Care and Use Committee Guidelines.
Anesthesia. Anesthesia was induced by intra-peritoneal injections of pentobarbital (Nembutal, 100 mg/kg; Abbot Laboratories, North Chicago, IL), and the animals were kept at room temperature for 1 or 4 h before sacrifice. Mice were killed by cervical dislocation, brains were removed and the tissue was dissected quickly. The whole process took less than 1 min. The control injections were performed with vehicle (50% water, 40% propylene glycol, 10% ethanol). Mouse body temperature was monitored with a rectal probe (Thermalert TH-5, Physitemp, Clifton, NJ).
Microtubule Assays.
We performed 3 microtubule assays. The first preserves the association of tau and MTs found in the brain, and is thus called here Endogenous Microtubule Binding Assay because it examines the association of endogenous tau to endogenous MTs. The second assay dissociates endogenous tau from endogenous microtubules and examine the association of tau with preformed bovine microtubules; it is called here Exogenous Microtubule Binding Assay. The third one is a MT Assembly Assay performed with bovine tubulin and endogenous tau.
Endogenous Microtubule Binding Assays. To determine whether tau hyperphosphorylation could detach tau from microtubules, a MT binding assay was performed using a modification of previously reported procedures (Bramblett et al., 1993; Merrick et al., 1996; Vogelsberg-Ragaglia et al., 2000) . Following dissection, fresh cortices were immediately homogenized in 5x weight/volume of pre-warmed (37˚C) modified reassembly (RA) buffer (0.1 MES, pH 6.5; 0.5 mM MgSO 4 ; 2 mM GTP; 1 mM EGTA; 2 mM DTT; 20 µM taxol; 0.1% Triton X-100; 1 mM PMSF; 1 mM Na 3 VO 4 ; 1 mM NaF; 10 µl/ml Sigma Protease Inhibitor Cocktail P8340), in a warm (37˚C) glass-teflon homogenizer (Weisenberg, 1972; Bramblett et al., 1993) . The lysate was then immediately centrifuged at 3,000 x g for 2 min at 25˚C to remove the debris. An aliquot (100 µl) of the supernatant was sampled, dissolved in 400 µl of O+ buffer (62.5 mM TrisHCl, pH 6.8; 10% glycerol; 5% 2-mercaptoethanol; 2.3% SDS; 1 mM EGTA; 1 mM EDTA; 1 mM PMSF; 1 mM Na 3 VO 4 ; 1 mM NaF; 10 µl/ml of Protease Inhibitor Cocktail P8340, Sigma-Aldrich), a modified O buffer (O'Farrell, 1975) , and boiled for 5 min. This is the total fraction, which includes both MT-free and bound fractions. Another aliquot (100 µl) of the supernatant was pelleted at 100,000 x g for 20 min at 25˚C. The detergent-soluble supernatant was removed, and 80 µl were diluted in 320 µl of O+ buffer and boiled for 5 min. This was referred to as the MT-free fraction. The remaining pellet was resuspended in 100 µl of RA buffer, and diluted in 400 µl of O+ buffer and boiled for 5 min. This was referred to as the MT-bound fraction. Protein levels were quantified in all fractions.
We performed a similar assay with a buffer containing 30% glycerol as a MT stabilizer instead of taxol and GTP (Shelanski et al., 1973) . This is an alternate technique also well documented (Esmaeli-Azad et al., 1994; Xie et al., 1998) . Briefly, following dissection, fresh cortices were immediately homogenized in 5x weight/volume of pre-warmed (37˚C) extraction buffer (80 mM MES, pH 6.8; 1 mM MgCl 2 ; 2 mM EGTA; 30% glycerol; 0.1% Triton X-100; 1 mM PMSF; 1 mM Na 3 VO 4 ; 1 mM NaF; 10 µl/ml Sigma Protease Inhibitor Cocktail P8340), in a warm (37˚C) glass-teflon homogenizer. The lysate was then immediately centrifuged at 3,000 x g for 2 min at 25˚C to remove the debris. An aliquot (100 µl) of the supernatant was sampled, dissolved in 400 µl of O+ buffer and boiled for 5 min. This is the total fraction, which includes both MT-free and bound fractions. Another aliquot (100 µl) of the supernatant was pelleted at 100,000 x g for 20 min at 25˚C. The detergent-soluble supernatant was removed, and 80 µl were diluted in 320 µl of O+ buffer and boiled for 5 min. This was referred to as the MT free fraction. The remaining pellet was solubilized in 100 µl of RA buffer, and diluted in 400 µl of O+ buffer and boiled for 5 min. This was referred to as the MT-bound fraction.
Exogenous microtubule binding assay. The microtubule-binding assay was performed as described previously (Maas et al., 2000) , with a few modifications.
Hemispheres were homogenized in 5x weight/volume of BRB80 (Brinkley Reassembly Buffer; 80 mM PIPES/KOH pH 6.8, 1 mM EGTA, 1 mM MgCl 2 ) with protease and phosphatase inhibitors. Homogenates were incubated on ice for 15 min and centrifuged at 20,000 x g for 20 min at 4˚C. Supernatants were re-spun at 100,000 x g for 1 h at 4 °C.
Equal amounts of protein lysate were used in each binding assay. High-speed supernatant fractions were adjusted to 1 mM GTP and 10 µM taxol and incubated with taxol-stabilized microtubules (30 µM, Cytoskeleton, Denver, CO) in a final volume of 50 µl for 10 min at 37 °C. The mixtures were centrifuged through 100 µl of 30% (w/v) sucrose cushions in BRB80 containing 1 mM GTP and 10 µM taxol, at 100,000 x g for 30 min at room temperature. The supernatant (MT free fraction) was collected and diluted with O+ buffer, and the pellet (MT bound fraction) was resuspended in O+ buffer.
Assembly assay. Following dissection, cortices were homogenized in 5x weight/volume of modified RA buffer. Homogenates were centrifuged for 5 min at 3000 x g at 4˚C. Supernatants were boiled for 5 min and respun at 100,000 x g for 30 min at 4˚C. Supernatants were used to check total tau expression levels by western blot using total tau antibody. The microtubule assembly assay was essentially carried out as described previously with a few modifications (Alonso et al., 2006) . Heat stable lysates containing 300 ng of tau were mixed at 4°C with purified bovine brain MAP-free tubulin (5 mg/ml, Cytoskeleton, Denver, CO) and 1 mM GTP, all in polymerization buffer (100 mM MES, pH 6.7, 1 mM EGTA, 1 mM MgCl 2 ) in a final volume of 80 µl. After rapid mixing, the samples were pipetted into quartz microcuvettes in a thermostatically controlled Hewlett Packard 8453 UV-Visible spectrophotometer. After 30 sec of equilibration at 37˚C, the turbidity of the reaction mixture was continuously monitored at 350 nm for 10 min.
Antibodies. The following anti-tau monoclonal antibodies (specificity given in parentheses) were used: CP13, phospho-Ser 202 (Weaver et al., 2000) ; TG-3, phosphoSer 231 and conformation specific; MC-6, phospho-Ser 235 (Jicha et al., 1997) ; and PHF-1, phospho-Ser 396 /Ser 404 (Otvos et al., 1994 , and (Szendrei et al., 1993 (Seubert et al., 1995) , was provided by Dr. Peter A. Seubert (Athena Neuroscience Inc., San Francisco, CA). RD3 and RD4, specific for 3-repeat (3RT) and 4-repeat (4RT) tau, were a gift from Dr. Rohan de Silva (University College, London, UK). Monoclonal antibodies Anti-α-Tubulin (B-5-1-2), Anti-β-Tubulin (TUB 2.1), Anti-Acetylated Tubulin (6-11B-1), and Anti-Tyrosine Tubulin (TUB-1A2) were purchased from Sigma-Aldrich. Polyclonal anti-Detyrosinated Tubulin (Glu-Tubulin, AB3201), was bought from Chemicon International.
Immunoblot analysis. Membrane blocking and antibody incubations were performed as described (Planel et al., 2001) , with appropriate primary and secondary antibody dilutions. Anti-mouse and anti-rabbit HRP-conjugated secondary antibodies were purchased from Jackson ImmunoResearch, West Grove, PA. Immunoreactive bands were visualized and analyzed by enhanced chemiluminescence reagent (SuperSignal West Pico or Femto, Pierce Biotechnology) using a Fujifilm LAS3000 imaging system and the Image Gauge Mac OS X software. Serial dilutions of brain extract were assessed to obtain calibration curves for reliable quantification.
Immunohistochemistry. The brains of hTau mice, and tau knock-out mice were fixed by immersion in freshly prepared 4% paraformaldehyde (in PBS pH 7.4) overnight and cryoprotected in 30% sucrose solutions. Sagittal sections (40 µm) were cut through the brain using a cryostat (model HM 505 E; Microm International Gmbh, Walldorf, Germany). Immunohistochemistry was performed on free-floating brain sections using SuperPicTure™ polymer detection kit (Zymed, San Francisco, CA). Sections were washed with PBS for 10 min, and some were treated with 3 % H 2 O 2 in PBS with 0.25%
Triton X100 for 30 min at room temperature. For certain antibodies, epitope retrieval was also performed using sodium citrate buffer (10mM sodium citrate, 0.05% Tween 20, pH 6.0) according to a standard protocol (Shi et al., 1993) . The sections were then blocked with 5% milk in PBS for 1h at room temperature on a rotator, transferred to a microfuge tube containing 1 ml of primary antibody diluted in 5% milk in PBS and incubated at 4˚C overnight. After three washes of 5 min in PBS with 0.05% Triton X100, the sections were incubated for 2h with biotin-labeled secondary antibody in 20% Superblock (Pierce, #37535) in PBS with 0.05% Triton X100. After washing, the sections were incubated 1h
with HRP polymer conjugate in 20% Superblock in PBS with 0.05% Triton X100.
Following three washes, the staining was visualized using DAB chromogen. The stained sections were mounted on slides and coverslipped, and were examined using a Leica microscope.
Electron microscopy. Animals anesthetized briefly with isoflurane gas were perfused transcardially with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, and optic nerve tract removed, post-fixed overnight in the same fixative. Samples were post-fixed with 1% osmium tetroxide, washed, dehydrated, and embedded in Epon-Araldite resin. The optic nerve was dissected and processed as described (Nixon et al., 1994) . Thin sections of 1 µm thick for light microscopy were stained with toluidine blue to identify the area of the optic nerve, and 70 nm-thin sections for electron microscopy were stained with uranyl acetate and lead acetate before being examined with a transmission electron microscope (model CM 10; Philips). Images were captured on a CCD camera (model C4742-95; Hamamatsu Photonics, Hamamatsu, Bridgewater, NJ) and on Advantage CCD Camera System software (Advanced Microscopy Techniques Corporation, Danvers, MA). Ultrastructural analyses of optic nerve were performed at a level 2 mm from the retinal excavation.
Statistical analysis. Statistical analysis was performed with a two-tailed t-test, except
were indicated. Data are means ± standard deviations (S.D.) or standard error of the mean (S.E.M.), as indicated in the figures; *, **, and *** symbols indicate significant differences with p < 0.05, p < 0.01, and p < 0.001, respectively.
Results
In vivo tau hyperphosphorylation does not detach tau from microtubules in normal mice. We first performed the endogenous MT binding assay on young non-transgenic mice exposed to pentobarbital anesthesia for 1 h. Following anesthesia, the body temperature rapidly dropped from 38.3±0.3˚C to 29.2±0.2˚C. Although tau was significantly hyperphosphorylated, there was no change in the amount of tau bound to
MTs compared to the tau in the MT-free fraction (data not shown). Thus hyperphosphorylation of tau for 1 h did not lead to its detachment from MTs in nontransgenic mice. We next examined whether longer exposure to hyperphosphorylation might be required to detach tau from MTs by analyzing the mice 4 h after the induction of anesthesia. After 4 h, the rectal temperature of the mice was 27.2±0.1˚C. Tau was highly phosphorylated at all epitopes analyzed, in both the total and free fractions ( /S 404 (PHF-1) epitopes displayed). As a result of hyperphosphorylation, tau underwent a mobility shift in the total and free fractions which was observed as a primary single band at 56 kD and a minor band at 50 kD in the control mice, compared to a primary doublet band at 60 kD, and 3 minor bands at 56, 64 and 70 kD after anesthesia (Fig. 1 C) Fig. 1 B, PHF-1 epitope displayed). The mobility shift of tau in the bound fraction was less pronounced than in the other fractions, with a primary band at 56 kD being observed in both control and anesthetized mice, and no clear bands at 64 and 70
kD. There was no significant change in either α-, β-, Tyr-, Glu-or Ac-tubulin in any of the fractions (Fig. 1 D, , and S 422 ). This assay was performed using taxol to protect the MTs during the extraction process. While this technique is standard in the field and has been used by many (Bramblett et al., 1993; Merrick et al., 1996; Vogelsberg-Ragaglia et al., 2000) , it should be noted that taxol is a powerful stabilizer of MT, and published data demonstrate that incubation at 37˚C with taxol will displace all the soluble tubulin in the bound fraction (Xie et al., 1998) . In our protocol, our samples are not incubated with taxol: we spin the homogenate immediately after extraction, and taxol is included only to prevent breakdown of MTs during the extraction process. Nevertheless, to verify that our results are not due to an artifact stemming from the presence of taxol, we performed the assay with a buffer containing 30% glycerol instead of taxol and GTP (Shelanski et al., 1973) . This alternate technique is used by many groups (Esmaeli-Azad et al., 1994; Xie et al., 1998) . The use of either taxol or glycerol demonstrated anesthesia-induced hyperphosphorylation of tau, with no detachment of tau from microtubules and no shift of tubulin in the free fraction (Fig. 1S ).
Finally, we performed the assay without taxol or glycerol and found similar results (data not shown).
In vivo tau hyperphosphorylation prevents tau from binding and assembling microtubules. Our above data suggest that hyperphosphorylation does not detach tau from MTs in normal mice. To examine whether hyperphosphorylation alters the ability of tau to bind and stabilize MTs we compared the binding of tau from anesthetized and control mouse brain to exogenous, pre-formed MT. There was less tau in the MT bound fraction and more in the free fraction in anesthetized mice compared to controls (Fig. 2 A) for equivalent amounts of tubulin (Fig. 2 B) . These results indicate that in vivo, hyperphosphorylation impaired tau's capacity to bind pre-assembled MT. We next performed a MT assembly assay using purified bovine tubulin, and tau from control, or anesthetized mouse brains. Hyperphosphorylated tau from anesthetized mice was less efficient at promoting MT assembly than tau from control brains (Fig. 3) . To perform this assay, we used tau from the heat-stable fraction which, however enriched in tau, contains other microtubule associated proteins that could be responsible for the differences in MT assembly rates between control and anesthetized mice. To exclude this possibility, we next performed the same assay with mice lacking tau (tau KO). Heat-stable fractions showed no difference between control and anesthetized tau KO mice (Fig. 2S) , demonstrating that the effect of anesthesia on MT assembly are mediated through tau phosphorylation. Overall these results demonstrate that hyperphosphorylation impairs tau's ability to bind, and promote MT assembly.
In vivo tau hyperphosphorylation in hTau mice detaches tau from MT. In the AD brain, hyperphosphorylation has been proposed to lower the levels of MT bound tau below a critical threshold, thereby leading to destabilization of the MTs (Trojanowski and Lee, 1994) . One possible reason why we did not observe this in our study is that mouse and human tau differ in the ratio of the isoforms, and mouse tau might be more difficult to detach from MT due to the fact that it is all 4R. To examine this possibility, we repeated our experiments in a line of mice that expresses all six isoforms of human tau in the absence of mouse tau (Duff et al., 2000; Andorfer et al., 2003) .
We first performed the experiment in young hTau mice that do not yet have tau pathology. After 4 hours of anesthesia, the average body temperature fell to 28.9±2.6˚C.
As in non-TG mice, there was no detachment of tau from MTs or shift of tubulin to the unbound fraction (data not shown). One possible cause why hyperphosphorylation does not detach tau from the MT during anesthesia, while it would putatively detach in AD, would be that anesthesia-induced tau hyperphosphorylation levels are much lower than in AD. To exclude this possibility, we compared tau phosphorylation between anesthetized non-TG and hTau mice, and AD brains at Braak stage VI. There was no significant difference in phospho-tau levels (adjusted by total tau) between the 3 groups, indicating that, in theory, hyperphosphorylation levels reached during anesthesia should be enough to detach tau from MTs (Fig. 3S ).
Another possibility why there is no change, is that the duration of tau phosphorylation during anesthesia (4 h) is not long enough to bring about detachment of tau and collapse of MTs. To address this possibility, we performed the same assay in mice starved for 3 days. Starvation induces hypothermia and extensive tau hyperphosphorylation (Planel et al., 2001; Planel et al., 2004) . Interestingly, starvation led to greater phosphorylation of tau in the MT-bound fraction at certain epitopes such as AT8, but not at others such as pS 262 . However, there was still no detachment of tau from MTs or collapse of MTs (Fig. 4S ).
To verify wether tau pathology influences the stability of the MT network, we then performed the same assay in old hTau mice that have mild pathology and somatodendritic relocalization of tau. In control mice, tau consisted of a doublet at 54
and 56 kD, with another band at 60 kD, and two minor bands at 51 and 67 kD (Fig. 4 C) .
After anesthesia, hyperphosphorylation was seen as a slight upward mobility shift of all the bands between 54 and 67 kD, with stronger bands at 56 and 60 kD in the total fraction. Tau was hyperphosphorylated at S 202 /T 205 (AT8) and S 396 /S 404 (PHF-1) sites in both total and free fractions, but was not significantly hyperphosphorylated in the bound fraction ( Fig. 4 A & B ). Other phosphorylation sites followed the same trend (data not shown). In addition, there was more tau in the free fraction and less tau in the bound fraction (Fig. 4C) . No change in α-, β-, Tyr-, Glu-or Ac-tubulin was observed in any fraction (Fig. 4 D, α-tubulin shown) . The same experiment performed in old non-TG mice did not lead to tau detachment from MTs (data not shown). Moreover, comparison of the levels of tau phosphorylation in control and anesthetized non-TG and hTau mice showed that, although tau phosphorylation is significantly higher in hTau control mice relative to total tau levels, the extent of hyperphosphorylation during anesthesia is similar in both mice (Fig. 5S) . Taken together, these data suggest that detachment of tau from MTs during anesthesia in old hTau mice is not dependent on age or on the levels of tau phosphorylation, but on the extent of tau pathology. They also indicate that hyperphosphorylation can detach a fraction of human tau from MT without destabilizing them.
Hyperphosphorylated 3R tau detaches from MTs in hTau mice. One of the main differences between mouse and humans with respect to tau is that adult humans continue to express 3R tau in addition to 4R tau, whereas adult mice only express 4R tau (Janke et al., 1999) . To examine the isoform composition in the different fractions, immunoblots were prepared using antibodies specific to 3R or 4R tau (Andorfer et al., 2003; . There was more 3R tau in the free and less in the bound fraction after 4 h of anesthesia (Fig. 5 A) . 4R tau levels did not change in either fraction (Fig. 5 B) . This result was confirmed using ET1 (Andorfer et al., 2003) , another 4R tau antibody (data not shown). Thus, in vivo, hyperphosphorylated 3R tau detaches from MTs more readily than 4R tau.
Anesthesia leads to neuropil and somatic tau hyperphosphorylation in hTau mice.
We previously reported the immunohistochemical analysis of anesthetized non-transgenic mice and demonstrated that hyperphosphorylated tau was localized in the neuropil and axonal tracks of anterior areas without somatodendritic relocalization (Planel et al., 2007b (Fig. 6 A) , but increased staining in the neuropil of anesthetized mice and some somatic staining (Fig. 6 B) . PHF-1 staining was also observed in the neuropil of control mice, but it extended to the somatodendritic compartment after anesthesia ( (Fig. 4 B) . Our data suggest that tau in cell bodies is more readily phosphorylated at the S 396 /S 404 epitopes.
We next examined the gross anatomical distribution of tau in hTau mice. In unanesthetized, control hTau mice, total tau ( Fig. 6 E, Tau, phospho-independent tau), and 3R tau (Fig. 6 H, 3RT) were present in the neuropil and in the soma of neurons.
After anesthesia, there was no difference in staining with total tau (Fig. 6 F) , but there was a visible increase of 3RT signal in the soma relative to control animals (compare Fig.   6 H and I). This could be due to an accumulation of 3R tau in the soma after anesthesia, or the result of conformational changes making the repeat region more accessible to the antibody. Staining with 4R tau specific antibody revealed the neuropil localization of 4R
tau, but no difference in distribution was observed after anesthesia ( Fig. 6 K and L) .
None of the antibodies immunolabeled the tau knock-out mouse brain tissue, confirming their specificity for tau (Fig. 6 G, J, M) . Thus, anesthesia appeared to induce hyperphosphorylation of tau in the soma and the neuropil of hTau mice, that correlates with the specific detachment of 3R tau from MT observed previously (Fig. 5 A) .
Anesthesia does not induce MT reorganization in the optic nerve.
To investigate the effect of hyperphosphorylation on the organization of the axonal cytoskeleton, we examined the ultrastructure of the optic nerve from control and anesthetized old hTau mice. Initial immunoblot studies confirmed that tau was hyperphosphorylated to a similar extent in this region as in the brain (data not shown). Inspection of electron micrographs from three mice in each group revealed no difference in the number of MTs or their spatial relationship to each other, and to neurofilaments, in axons of varying caliber (Fig. 7 ). These results demonstrate that detachment of 3R tau from the MTs did not induce MT reorganization in the axonal tracks of the optic nerve.
Discussion
The induction tau hyperphosphorylation through anesthesia-induced hypothermia allowed us to investigate the effect of hyperphosphorylation on tau's interaction with MTs in vivo. First, we have shown that under these conditions, MT-free tau was rapidly, and extensively hyperphosphorylated, impairing its capacity to bind MT and to promote MT assembly. Second, MT bound tau was more resistant to phosphorylation than free tau, and only 3R tau detached from MT in a transgenic line of mice expressing both 3R
and 4R human tau with mild pathology. Third, even when 3R tau separated from MTs, there was no depolymerization of tubulin in the MT-bound fraction, and there was no collapse or disturbance of axonal MT networks.
Hyperphosphorylation of tau induced by kinase activity in cells and in vitro has
repeatedly demonstrated that hyperphosphorylation impairs tau's capacity to bind MT and to promote MT assembly. Inhibition of PP2A in cells also leads to tau hyperphosphorylation and renders it incompetent to associate with exogenous MTs (Shea and Fischer, 1996; Sontag et al., 1996) . Thus, our data from wild-type mice confirm and extend these reports and represent the first demonstration that inhibition of PP2A by anesthesia-induced hypothermia in vivo (Planel et al., 2007b) results in hyperphosphorylation of MT-free tau which reduces its ability to bind and assemble MTs.
In contrast to free tau, MT-bound tau was resistant to phosphorylation at many (Biernat et al., 1993; Sengupta et al., 1998; Hamdane et al., 2003; Cho and Johnson, 2004) (Biernat et al., 1993; Cho and Johnson, 2003) . When we applied the same experimental paradigm to hTau mice, we obtained similar results to non-transgenic mice: total and free tau (but not bound tau)
was significantly phosphorylated at S 202 /T 205 , while total, free and bound tau were hyperphosphorylated at S 396 /S 404 . These results demonstrate that pools of MT-free and bound tau have a different sensitivity to hyperphosphorylating conditions.
When we examined the association of tau bound with endogenous MTs in response to hyperphosphorylating conditions during anesthesia, we found in wild-type mice that 4R tau did not separate from MTs independently of age. This is unlikely to be the result of a protective effect of hypothermia, as we showed previously that a low but sustained level of tau hyperphosphorylation in normothermic mice does not impair tau binding to MTs (Planel et al., 2007a) . Also, the resistance to dissociation is probably a true failure to dissociate rather than a mere kinetic delay of dissociation, because we examined the mice 1 day and 1 week after anesthesia and did not see any significant change in total tau or tubulin in the different fractions (data not shown). In old hTau mice with mild pathology, there was an isoform specific dissociation of tau from MTs, as 3R, but not 4R tau, was detached. These results suggest that, in a pathological context, bound 3R tau is more sensitive than 4R to the effects of phosphorylation resulting in dissociation. 3R tau has been demonstrated to bind to MTs more weakly than 4R tau (Butner and Kirschner, 1991) , and to be less efficient at promoting microtubule assembly (Goedert and Jakes, 1990; Gustke et al., 1994; Panda et al., 2003) . In addition, published results suggest that 3R and 4R tau assume complex and distinct MT binding structures (Goode et al., 2000) . Thus, the specific dissociation of 3R tau in old hTau mice might be due to a combination of higher baseline of phosphorylation due to pathology, weaker interactions with MTs, and greater accessibility to phosphorylation agents due to a different structural conformation on the surface of MTs.
Even when 3R tau dissociated from the MTs, depolymerization and collapse of the MT networks did not occur. One explanation might be that the remaining tau bound to MTs was sufficient enough to stabilize the cytoskeletal structure. Indeed, tau has been found to fulfill its stabilizing function in very minute amounts (Levy et al., 2005) .
Another possibility comes from the suggestion that 3R and 4R tau might have distinct functions on MTs that are regulated differentially (Goode et al., 2000) ; thus, if 4R tau were the primary stabilizer of MTs in vivo, detachment of 3R only would have no impact on MT networks. These results are in marked contrast with others reported in the literature: all the data from cell culture studies demonstrate that tau hyperphosphorylation mediated by kinase overactivation or phosphatase inhibition results in tau dissociation from MTs and destruction of MT networks (Gurland and Gundersen, 1993; Sontag et al., 1996; Merrick et al., 1997; Kim et al., 1999) . This discrepancy might be due to the difference in the speed of the assembly process between cellular models and living animals. MT function requires dynamic equilibrium between the formation of polymerized and depolymerized MTs (Desai and Mitchison, 1997) . For example, in fibroblasts, turnover can be very fast: tubulin protomers have a half-life of 1 day, but the MTs formed from them are very dynamic (t 1/2~5 min; Schulze, 1987) . In vitro studies on cultured neurons show that growing axons contain a high percentage of stable MT polymers with a half-life of more than 2h (Li and Black, 1996) . In vivo, MTs in mature axons are likely to be even more stable, and studies suggest that some MTs can last for months (Garner, 1988; Tanner et al., 1995) . Thus, longer exposure to hyperphosphorylating conditions in vivo (months or years instead of hours or days) might result in less 4R tau bound to MTs and might lead to partial MT collapse. However, this would be more likely due to MT turnover and the failure of MTs to recruit hyperphosphorylated free tau rather than dissociation of 4R tau already bound to MTs.
Our results might have clinical relevance, as anesthesia appears to be associated with long-term cognitive dysfunction and the acceleration of senile dementia (Ritchie et al., 1997; Xie and Tanzi, 2006) . Several reports have suggested that anesthesia could increase the risk of AD (Bohnen et al., 1994; Johansson and Skoog, 1996; Bone and Rosen, 2000) , and hypothermia has also been proposed as a risk factor (Holtzman and Simon, 2000; Avila and Diaz-Nido, 2004) . The combination of regional or general anesthetic exposure and cool operating room environment make most surgical patients hypothermic (Sessler, 2000) . While hypothermia may be beneficial for specific, critically ill patients, perioperative hypothermia following anesthesia is clearly harmful for most patients (Sessler, 1997 (Sessler, , 2001 . It is therefore encouraging for surgery patients that tau hyperphosphorylation after 4h of anesthesia did not lead to a collapse of MTs. However, the fact that this detachment occurs only when the mice are older and have mild pathology underscores the vulnerability of the elderly, particularly if they have incipient AD. Interestingly, studies on tau splicing in embryos suggest that 3R tau could permit a higher degree of neuronal plasticity, as it is the main isoform expressed during early development (Kosik et al., 1989; Avila et al., 1994; Janke et al., 1999; Takuma et al., 2003) . In addition, tau isoforms seem to have opposite effects on MT, with 4R tau promoting and 3R tau reducing MT growth rate, which may be utilized by the cells to finely regulate MT dynamics (Levy et al., 2005) . Thus, specific detachment of 3R tau following anesthesia might have the counter-intuitive effect of decreasing MT dynamics and neuronal plasticity. Whether 3R tau detachment could have any role in the postoperative cognitive dysfunction that is common after general anesthesia remains an open question (Ancelin et al., 2001 ). Lastly, it should be noted that our study was done with pentobarbital, an intravenous anesthetics not known to interact with MTs. In contrast, volatile anesthetics have been shown to interact directly with tubulin, alter MTs quaternary structure, affect tubulin expression, and reduce MT density in neurons (reviewed in (Eckenhoff and Eckenhoff, 2007) . Future studies should therefore examine the effect of volatile anesthetics on tau phosphorylation and MT stability, with and without hypothermia.
Overall, our data imply that MTs do not easily disassemble in mammals, and provide limiting parameters to any putative disassembly of MTs resulting from tau hyperphosphorylation rather than disprove that it would occur. In vivo hyperphosphorylation of tau seems more likely to affect MT networks in the long term, by preventing free tau from binding and stabilizing MTs, rather than by overtly dissociating tau already bound to them. Magnification is X200 for all the micrographs. higher in hTau mice than in non-TG mice, either in control or anesthetized mice (see Panels D and F for AT8 and PHF-1 quantification). However, when phospho-tau levels were adjusted to total tau, there was no differences in AT8 and PHF-1 levels between anesthetized non-TG and hTau mice (Panels E and G), suggesting near-saturation of the phospho-epitopes on tau.
